Abstract. The main advantages of open tubular liquid chromatography (OTLC) over conventional packed-column liquid chromatography are the gain in resolution and the increased permeability. At present the reproducible preparation of narrow-bore columns and the lack of suitable commercial chromatographic equipment delay the development of OTLC. There are stringent requirements for injectors and detectors for OTLC with respect to their volumes, geometry, and contributions to the total band broadening. In this work some properties of two different sampling systems for OTLC were studied with respect to the accuracy and repeatability of the injected volumes. An approach is presented and discussed to determine the profile factors of these injection systems.
INTRODUCTION
Open tubular liquid chromatography (OTLC) can be applied beneficially when columns are used that have inner diameters < 10 +m ( 1 4 ) . The volumes of the peaks eluted from such columns are in the nanoliter to picoliter range. This implies that high demands are placed on minimizing the chromatographic equipment's extracolumn contributions to the band broadening The potential high resolving power of OTLC gave impetus to the development of instrumentation and columns suited for OTLC (6-13). In this study two injection systems for OTLC were investigated. The moving injection technique (MIT) is based on a high-speed, electrically controlled pneumatic actuation of an injection valve that is equipped with a low-volume (40-or 60-nL) internal sample loop. The loop, filled with sample, is connected with the eluent stream for a short time, thus introducing a small part of the loop contents to the top of the column (14, 15) . Using this type of injector, volumes as low as 3 pL can be introduced (15) . *Author to whom correspondence 5hould be addressed 0 1990 Aster Publishing Corporation J . Mirrorol. Sep 2, 132-137 (1990) Another injection method that has been described is the static-split (16) , or pressure-pulse-driven stopped-flow injection technique (PSI) (17) . Injection volumes in the pL range for this type of injection have been reported. Injection systems currently are evaluated by their injection-volume range and the accuracy and repeatability of the injected volumes. The injection profile factor, which reflects the peak shape of the introduced sample plug during the injection, is also of great importance. The injection profile factor depends on the injected volume, the injector geometry, and the method of injection, and can vary between the values 1 and 12 for an exponential-decay injection and an ideal sample plug, respectively (18) (19) (20) (21) (22) . This implies that the contribution of a specific injector to the total band broadening may vary by over a factor of 10. Therefore, it is important to improve injectors in order to decrease their contribution to the band broadening. In this study we evaluated the accuracies and repeatabilities of sample injection volumes using the MIT and PSI injection systems. The profile factors of these systems also were calculated.
Microcolrrmn Separations
As was outlined in a previous paper (3, the total variance (in cm6) of a chromatographic profile in OTLC, u: , can be described by equation 1 : where ucL2 = variance of the OTLC column; ui2 = V:/kf = the contribution of the sample volume, the geometry of the injector, and the method of injection (19) ; uD2 = VD2/kDZ = the contribution of the cell volume and the geometry of the detector; and uc2 = T*P = the contribution of the electronic time constants, where T is a time constant and F = the flow rate of the eluent. Profile factors that depend on the shape of the sample plug in the injector and detector are k,2 and k,*, respectively.
The contribution of the chromatographic equipment, uA2, to the total variance should not exceed 10% of the column variance. This variance can be expressed by equation 2:
From equations 1 and 2 equation 3 can be derived:
This equals a maximum loss of chromatographic resolution of 5%.
To study the profile factors of the injectors, it was assumed that under constant experimental conditions the value of depends on the injected volume and the shape of the injectcd sample plug. From this, equation 4 follows:
where C = the constant contribution of the other parts of the equipment at fixed experimental conditions. Therefore, the plot of the experimental total variance from the OTLC chromatograms as a function of the square of the injected volumes provides information about the profile factor of a typical injector. The injector's profile factor can be calcu- lated from the slope of these plots. Also, such plots were simulated using relevant chromatographic equations in a Pascallanguage computer program. Experimental values for column length and diameter, eluent velocity, and capacity factors were used for these simulation calculations. Subsequently, injection volumes ranging from approximately 15 pL to 60 nL and profile factors ranging from 1 to 12 were introduced in the mathematical model.
The experimental plots presented in this work also include corresponding simulated plots, including the theoretical variance of the column (uCL2), the value 1.10 ucLz (representing the maximum allowable contribution of the chromatographic equipment to the band broadening), and plots that represent thc contribution of a typical injector as a function of the injectcd volumes at several values of k;.
The theoretical plots were compared with the plots from the chromatographic experiments and will be discussed below. 
EXPERIMENTAL
The OTLC system was equipped with a modified Haskel DSTV-150 air-driven pump (Haskel, Inc., Burbank, California, USA).
The equipment for the moving injection technique consisted of a VICI AC14W.06 pneumatically actuated injector (Valco Instruments Co., Houston, Texas, USA) with an internal 60-nL sample loop. The injector was equipped with a model HSSA speed-up set, consisting of two 125A pilot valves with SQE super quick exhaust valves (all from Humphrey Products, Kalamazoo, Michigan, IJSA) for fast valve switching (switching times from 24 ms to 23 s).
The pneumatic and electrical equipment for the pressurepulse-driven stopped-flow injection technique (PSI) described by A. Mmz and W. Simon (17) was improved and updated. This injection system consisted of three switching valves -two VICI A-2-C6W-HC valves and one VICI A-2-C3W valve (all from VICI AG Valco Europe, Schenkon, Switzerland) -equipped with speed-up sets as described above. A delailed scheme of the sample introduction stage of these injectors is outlined in Figure 1 . The individual sequential steps in the injection procedure were controlled by a timer that had a resolution time < 5 ms. The sample was introduced into the OTLC column by a second constant-pressure pump operating between 1 and 4.8 bar, depending on the sample volume to be injected.
A number of noncoated fused-silica capillaries (Chrompack International B.V., Middelburg, The Netherlands) were positioned between the injector and detector (18. The test compounds were analytical grade I-pentanol, 1-propanol (E. Merck, Darmstadt, FRG), and fluorescein (Schuchardt, Miinchen, FRG). The solvents used were deionized water filtered through a Milli-Q Water Purification System (Millipore, Bedford, Massachusetts, USA) and analytical grade methanol (E. Merck). Prior to use, all solvents were degassed in an ultrasonic bath. The capacity factors, k', of the test components were zero, and the diffusion coefficient, Dm, of the components in the eluent ( mYs) was estimated according to (2) .
Two detection systems were applied. The first was a model 439 gas chromatograph equipped with a model 901 flame ionization detector (FID) (Chrompack International B.V.), in which the column outlet was inserted directly into the flame tip of the detector. The second was a laser-induced-fluorescence detector (LIFD) equipped with a Spectra-Physics (Mountain View, California, USA) model 2025-03 argon-ion light source. This detector was applied for on-column detection, giving an effective cell volume of approximately 6 pL. This optical detector system was operated at an excitation wavelength of 496 nm with a 515-nm emission cut-off filter; the outpul power was Sample volumes ranging from 15 pL to 60 nL were injected by the MIT and PSI injectors onto the various columns, which were operated at several eluent velocities. A summary of the applied columns, detectors, injectors, and experimental conditions is given in Table I. To calculate accurate values for chromatographic peak variances and other data, the mathematical method described by Foley and Dorsey (23,24) was applied and an Olivetti (Ivrea, Italy) PC M24 was used for subsequent calculations. J . Microcolumn Sepurutions A model 760 interfacc and model 2600 chromatography software (both from Nelson Analytical Inc., Cupertino, California, USA) were used for data acquisition and subsequent calculations. From these calculations the peak variances and asymmetry factors were taken for subsequent evaluation of the injectors. These data were used for statistical calculations of accuracy and repeatability of the injected sample volumes and for the calculations of the profile factors of the injection devices. Table I1 summarizes the results of the evaluation of the MIT injector. To evaluate the accuracy of the injected volumes, the experimental injection volumes calculated from the peak areas (taking the area of a full-loop injection volume as 100%) were compared with the theoretical injection volumes. The latter could be calculated from the injection time and the eluent flow rate. The deviation between the experimental and the theoretical injection volumes is smaller than 10% when injection times longer than 280 ms are used. Hence, under these experimental conditions reasonable accuracy can be achieved only when injection volumes larger than 6 nL are introduced. Moreover, the repeatabilities of the injections were calculated and the %RSDs of the resulting peak areas were 4%.
RESULTS AND DISCUSSION
Tables I11 and IV summarize the results from the evaluation of the PSI injector using eluent linear velocities of 9.8 mmis and 31.1 mm/s, respectively. The column (12.4 m X 41 Fm, fused silica), mobile phase (deionized water), solute ( 1.-pentanol, k'= O), and detector (FID) were identical for both studies. The accuracy of the injection, reflected by the deviation (19): was calculated by comparing the theoretically calculated and the experimental injection volumes. The experimental injection volumes were calculated from the peak areas of these injections relative to the peak areas of full-loop injections found "The number of experiments was six for all injection volums. Other experimental conditions are given in the text. bDeviation between experimental and calculated injection volumes.
using the MIT injector. The repeatabilities of the injections are presented as the %RSDs of the measured peak areas and were 4% when volumes > 7 nL were injected.
For OTLC the reproducible and accurate introduction of injection volumes ranging from 1 pL to 1 nL is of particular interest. From this point of' view, the above results of the MIT and PSI injector studies are not completely satisfying. This might be due to the interface between the column outlet and the FID, which was not optimal for this column type. Therefore, the same experiments were performed applying the LIFD instead of the F'ID. From these experiments, strongly improved data could be observed ( Table V) . The repeatabilities of the injections with volumes ranging from 16 pL to 1.55 nL were better than 5%. The results shown in Table V were generated using a 3.2 m X 12 p i fused-silica column and a 1O:90 (v/v) methanol/water mobile phase with a linear velocity of 6.9 mm/s. The solute used was fluorescein (k'= 0). In Figure 2 The profile factorc could be estimated from the slopes of the experimental 0: versus V: plots. The results for the investigated injectors are summarized in tal results show in all cases considerably higher total variances compared to what could be expected from theory. These results indicate that the chromatographic equipment makes a high contribution to band broadening, which results in decreased efficiency. It also appears that the profile factor of a typical injector may vary widely, even over a small range of injection volumes. The data suggest that the exponential decay type of injection, corresponding to ki2 value = 1, does not fit with the shape of the injection plugs that were observed here. This observation is in agreement with the data of van Vliet (20) and Niessen (25) . The comparison of the experimental data with the simulation data proved to be very useful for the evaluation of the injection systems. Current research includes a more detailed study of the validity of the presented model for the calculation of the profile factors of injectors.
